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Common issue of Nb/Cu cavities: Q-slope problem
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• Thermal issues?
• Trapped flux dynamics?
• ...

Possible causes
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Recent progress will be shown in this talk

Courtesy Sarah Aull



Thermal feed-back and its extension
Thermal instability caused by BCS-MBʼs exponential dependence on T

𝑅" 𝑇$ → 𝑇&~𝑇$ + 𝛼𝑅"𝐻+ → 𝑅" 𝑇& → 𝑇+~𝑇& + 𝛼𝑅"𝐻+ …
Property: small Q-slope at low field, sudden quench at certain field
à Middle-field Q-slope in bulk Nb was explained but different from Nb/Cuʼs slope

A new model by V. Palmieri , R. Vaglio [Supercond. Sci. Technol, 29 ,015004 (2016)]

Thermal runway by imperfect interfaces between Nb/Cu

SC Nb
film

NC spots

<< 1mm

Even a very small (<<1mm) imperfection 
between Nb/Cu could make a huge 
thermal boundary RB and could cause 
thermal runaway and could eventually 
create a local quenched spot on the film
à This quench never gets catastrophic 
but may cause Q-slope

Temperature T0



RB à Local Quench field à Q0

Quench at this Eacc

Higher 
RB

RB vs quench fieldA lot of Q vs E of different RB Convert!

The experimental observable is an average over all thermal boundary RB

1/𝑄$ ∝ 𝑅"(𝑇$, 𝐸455) = 8 𝑅" 𝑇$, 𝐸455, 𝑅9 𝒇 𝑹𝑩 𝑑𝑅9

>

$
f(RB) is the (unknown) distribution function of RB due to imperfect interface.



Conversion: Rs(Eacc) à f(RB) @ 4.5 K

Map: 
Rs(Eacc)àf(RB)
(T0; Rres, A, D)

As a function of the bath temperature T0
Rs [Q-slope] is converted to the distribution of thermal boundary
This is just a conversion (not a fit!) because f(RB) is unknown

QS14 QS14



Conversion: Rs(Eacc) à f(RB) @ 2.3 K

Map: 
Rs(Eacc)àf(RB)
(T0; Rres, A, D)

Two different Q-slopes at different temperatures are converted 
to the identical distribution of the thermal boundary !

How about the other cavities?

Heated from 
2.3K

QS14 QS14

Preliminary



Rs(Eacc,T0 ) à f(RB) other cavities

QS4.1 (2014)

QS5.2 (2015)

f(RB) does not depend on temperature à intrinsic property of the cavity?

Preliminary



On the thermal boundary problem…
• Similar studies on Nb/Cu

• A. Aull “Trapped flux measurements & thermal boundary resistance analysis for an 
ECR Nb film”, 7th International Workshop on Thin Films,  27-29 July 2016, Jefferson 
Lab, US

• R. Vaglio “Thermal boundary resistance model and defect statistical distribution in 
Nb/Cu cavities”, SRF2017, 17-21 July 2017, Lanzhou, China

• This model should only be valid after the removal of cool down and the 
trapped vortex effect
• However, f(RB) coincidence was also observed for vortex-trapped 

cavity or badly thermal-cycled cases
• Hernan Furci in SRF2017 presented that the thermal stability of micro 

quench requires relatively big defects
ØThe converted f(RB) may not be the distribution of the simple thermal 

boundary resistance
• This model is on hold à A different approach was investigated 8



𝑅" caused by trapped flux in the film cavity is ∝ 𝐻?@

subtract

Very close to 
linear

Surface resistance produced by a cool down under DC magnetic field is not constant of RF field
𝑅AB~𝐻?@ → 𝑃~𝐻?@D

𝑹𝒔 𝑯𝑹𝑭,𝒑𝒆𝒂𝒌𝑯𝒆𝒙𝒕⁄ ~𝟑×𝟏𝟎S𝟑	𝐧𝛀 𝐦𝐓 S𝟏 𝛍𝐓 S𝟏

𝒑𝟎 + 𝒑𝟏 Z 𝑯𝒑𝒆𝒂𝒌

Preliminary



Bardeen-Stephen model

𝒇[ = 𝜂
𝜕𝒖
𝜕𝑡

𝑀
𝜕+𝒖
𝜕𝑡+ = −𝒇[ − 𝒇b + 𝒇c − 𝒇d + 𝒇e

: viscos force

𝒇b =
𝛿𝐹h
𝛿𝒖 ∝

𝜕+𝒖
𝜕𝑧+

: string tension force

Conventional calculations are linearized and does not predict 𝑹𝒔 ∝ 𝑯𝑹𝑭

𝒇c = 𝑱×𝝓 : Lorentz force

𝒇d = 𝑓𝑛"𝑒
𝜕𝒖
𝜕𝑡 ×𝝓 : Magnus force

𝒇e : Pinning force

𝒖(𝑡, 𝑧)

𝑧

𝝓

NC core
radius 𝜉

𝒇[

𝝓

𝝓

𝑱

𝒇c

𝒇b

𝒖(𝑡, 𝑧)

𝒇𝑴

Pinning 
center 𝒇e

𝐻?@ surface

𝑀 :effective inertial mass per unit length



Rigid string model (J. I. Gittleman and B. Rosenblum, Phys. Rev. Lett. 16, 734, 1966)

𝒇[ = 𝜂
𝜕𝒖
𝜕𝑡

𝑀
𝜕+𝒖
𝜕𝑡+ = −𝒇[ − 𝒇b + 𝒇c − 𝒇d + 𝒇e

: viscos force

𝒇b =
𝛿𝐹h
𝛿𝒖 ∝

𝜕+𝒖
𝜕𝑧+

: string tension force

Linear ordinary differential equation à 𝑢 ∝ 𝐽 ∝ 𝐻?@ à 𝑃 ∝ 𝑢̇𝑓c ∝ 𝐻?@+ à𝑹𝒔: constant L

𝒇c = 𝑱×𝝓 : Lorentz force

𝒇d = 𝑓𝑛"𝑒
𝜕𝒖
𝜕𝑡 ×𝝓 : Magnus force

𝒇e : Pinning force

𝒖(𝑡, 𝑧)

𝑧

𝝓

NC core
radius 𝜉

𝒇[

𝝓

𝝓

𝑱

𝒇c

𝒇b

𝒖(𝑡, 𝑧)

𝒇𝑴

Pinning 
center 𝒇e

𝐻?@ surface

𝑀 :effective inertial mass per unit length

No tension

No Magnus force
~ −t𝒌𝒖(𝒛𝒊)

�

𝒊
Linearized pinning force



Gurevich model (A. Gurevich and G. Ciovati, Phys. Rev. Lett. B 77, 104501, 2008)

𝒇[ = 𝜂
𝜕𝒖
𝜕𝑡

𝑀
𝜕+𝒖
𝜕𝑡+ = −𝒇[ − 𝒇b + 𝒇c − 𝒇d + 𝒇e

: viscos force

𝒇b =
𝛿𝐹h
𝛿𝒖 ∝

𝜕+𝒖
𝜕𝑧+

: string tension force

Linear partial differential equation à 𝑢 ∝ 𝐽 ∝ 𝐻?@ à 𝑃 ∝ 𝑢̇𝑓c ∝ 𝐻?@+ à𝑹𝒔: constant L

𝒇c = 𝑱×𝝓 : Lorentz force

𝒇d = 𝑓𝑛"𝑒
𝜕𝒖
𝜕𝑡 ×𝝓 : Magnus force

𝒇e : Pinning force

𝒖(𝑡, 𝑧)

𝑧

𝝓

NC core
radius 𝜉

𝒇[

𝝓

𝝓

𝑱

𝒇c

𝒇b

𝒖(𝑡, 𝑧)

𝒇𝑴

Pinning 
center 𝒇e

𝐻?@ surface

𝑀 :effective inertial mass per unit length No mass

No Magnus force

No pinning force à fix 𝒖 𝒛𝒊 = 𝟎à super strong pinning



Rfl vs m.f.p.
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( )C. BenÕenuti et al.rPhysica C 316 1999 153–188 177

0 Ž . 1 Ž . 2 Ž .Fig. 21. The dependence of the fluxon induced losses, R a and R b , on l symbols as for Fig. 19 .fl fl rel

5.3. The film substrate interface

The double-cathode sputtering system described
in Section 3.2 was used to produce films free of an
intermediate oxide layer at the copper–niobium in-

terface. The results are listed in Table 3 and dis-
played in Figs. 11 and 18 and 21–23. They differ
from the data studied in Section 5.2 in many re-
spects. In particular they have lower values of the
critical temperature and of the penetration depth.

Surface resistance in SRF applications: Theoretical predictions of the e↵ects
of trapped Flux

Danilo B. Liarte,1 Daniel Hall,1 Matthias Liepe,1 and James P. Sethna1
1
Cornell University

(Dated: August 29, 2017)

I. INTRODUCTION

The surface resistance R
S

is associated with the
power dissipated P per unit area s due to Joule heat-
ing (Padamsee et al., 2008, Sec. 2.2.1), and is defined by
the equation (in cgs units):

dP

ds
=

1

2

⇣ c

4⇡

⌘
2

R
S

|H|2, (1)

where H is the local magnetic field and c is the speed
of light. For Niobium, the surface resistance for fre-
quencies much smaller than 1012 Hz and temperatures
smaller than T

c

/2 (half the critical temperature) is ap-
proximately given by:

R
S

= A(1/T )f2e��/(kBT ) +R
0

, (2)

where A is material dependent constant, � is the super-
conductor gap, k

B

is the Boltzmann constant, and T is
the temperature. The first term in Eq. (2) is the BCS
surface resistance—it predicts an exponentially small re-
sistance at low temperatures. This term originates in the
dissipated power due to the acceleration of the inertial
masses of Cooper pairs—Cooper pairs dissipate power
when subject to ac fields, even though they move with-
out friction (Padamsee, 2009, Ch. 3). The second term
R

0

is termed residual resistance, and might be influenced
by several factors.

Here we investigate the e↵ects of trapped magnetic
flux on the residual resistance of superconductors. The
trapped flux of type-II superconductors breaks into N
vortices of fluxoid quanta �

0

,

B
trapped

s = N�
0

. (3)

Since the measured trapped flux is usually small, we
assume that the vortex lines are independent, so that
P ⇡ NP

1

, where P
1

is the power dissipated by a single
vortex line. Equation (1) then yields

R
0

B
trapped

=

✓
4⇡

c

◆
2 2P

1

�
0

|H|2 , (4)

for the residual resistance sensitivity to trapped flux. Fig-
ure 1, from (Gonnella et al., 2016), shows measurements
of R

0

/B
trapped

as a function of mean-free path for several
nitrogen-doped niobium cavitiess. Notice that the sensi-
tivity increases with ` in the dirty limit ` ⌧ 1, and decays
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Gurevich theory, ℓp = 75ℓ

FIG. 1 From (Gonnella et al., 2016): “Sensitivity of resid-
ual resistance to trapped magnetic flux, Rres,B/Btrapped, as a
function of mean free path. [...]”

as `�1/2 in the clean limit. Figure 2, from Daniel’s slides,
shows measurements of R

0

/B
trapped

as a function of the
rf field amplitude, for Nb

3

Sn cavities. Notice that the
sensitivity increases approximately linearly with H

rf

.

FIG. 2 From Daniel’s slides: Sensitivity of residual resistance
to trapped magnetic flux, as a function of rf field.

In Sec. II, we briefly review the literature, and discuss
models to calculate the contribution of trapped magnetic
flux to the residual resistance. In Sec. III, we develop
calculations assuming a collective weak pinning scenario.
In Sec. IV and V, we discuss model predictions for the
N-doped Nb and Nb

3

Sn experiments, respectively.

Gonnella, D., J. Kaufman, and M. Liepe, 
J. of Appl. Phys. 119, 073904 (2016)

surface resistance and the mean-free-path, along with the
cavities preparation are reported in our experimental works
[8–10].

The experimental data acquired [8] shows a linear
dependence of the flux resistance as a function of the applied
rf field expressed in MVm–1. Since the model here developed
is a zero field approximation (valid for rf fields tending to
zero), we fit linearly the measured surface resistance
dependence on the accelerating field [8], in order to extra-
polate the surface resistance at zero field (the intercept).

In figure 8, the experimental data extrapolated at zero
accelerating field is plotted along with the real part of the
surface impedance of equation (24). The solid curve plotted is
the simulation of the vortex surface resistance assuming a
single pinning point with pinning point distribution centroids
at =q 20 nm0 and =U 1.4 MeV0 m–1 and standard devia-
tions s = 30 nmq0

and s = 0.08 MeVU0 m–1, respectively.

The data acquired presents a bell-shaped trend in agreement
with the model prediction, with a maximum around 70nm,
and surface resistance decreasing for large and small mean-
free-path values.

The U0 values used to obtain a satisfactory description of
the data are consistent with the experimental data for niobium
obtained by Allen and Claassen [21] and Park et al [22]. In
the mean-free-path range 2–2000nm, the pinning potential
strength returns values of the maximum force per meter (the
force per meter was assumed as equal to the maximum of
-¶ ¶U x xp ( ) as a function of x calculated at =z q0) equal to
´ ´- -8 10 4 105 6– Nm–1. Such values are in perfect

agreement with [21] ( - -10 105 6– Nm–1) and slightly under-
estimated with respect to [22] (~ -10 4 Nm–1).

Because of the peculiar shape of TESLA cavities [34],
the current density and the trapped flux directions can have an
intersection angle lower than ninety degrees, therefore qsin2

(in equation (13)) cannot be approximated to 1. It was indeed
observed in several works [35–37] that the vortex-related
resistance varies consistently with the Lorentz force depend-
ence on the angle between the directions of the currents and
the trapped flux. In order to get reasonable resistance values,
we consider an average angle of about 18°, and qsin2 is
assumed equal to 0.1.

The simulated curves describes the experimental data
satisfactorily even by considering a single pinning point per
flux line. Large data scattering is observed in the peak area
where the pinning force plays the central role in the vortex
dissipation description.

All the cavities measured are prepared with different
procedures in order to ensure a good variability of mean-free-
path. It is therefore reasonable to assume that pinning
potential depth and pinning site distributions (G q0i

( ) and
L U0i( )), as well as the number of pinning points might be
different from cavity to cavity. Such aleatory difference
between the various cavities studied may explain the data
scattering, as well as the discrepancies with the theoretical
model. It is indeed unlikely that one single simulated curve
can describe exhaustively the data all in once.

Our model can in principle explain why between one and
two orders of magnitude lower values of vortex-related sur-
face resistance are observed in Nb on Cu SRF cavities [38],
compared to our experimental results. Because of niobium
thin films are more defective (e.g. porosity, columnar growth,
etc), the pinning force might be substantially larger than in
bulk Nb (U0 and the number of pinning points might be
larger). In such a scenario, the perfect reactive response of
vortices might survive up to larger mean-free-path values and
the peak shifted towards larger l, that have not been sur-
veyed yet.

Recently Nb3Sn vortex surface impedance data for SRF
cavities became available [39], showing comparable vortex
surface resistance with respect to dirty niobium. In principle
one would expect higher vortex surface resistance in the flux-
flow regime because of the higher resistivity of Nb3Sn in the
normal-conducting state. On the other hand though, Nb3Sn
was shown to posses high pinning force at the grain bound-
aries [40–42], which would be in agreement with an overall

Figure 7. Depinning frequency as a function of the mean-free-path.

Figure 8. Extrapolated zero field data [8] and real part of the trapped
flux surface impedance. The simulated curve was calculated
assuming one pinning point at =q 20 nm0 with =U 1.4 MeV0 m–1,
and standard deviations s = 30 nmq0

and s = 0.08 MeVU0 m–1,
respectively.
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Supercond. Sci. Technol. 30 (2017) 034003 M Checchin et al

M. Checchin et al., Supercond. Sci. 
Technol. 30, 034003 (2017)

C. Benvenuti et al., Physica C. 316,
153 (1999)

Bulk Nb fitted by G-R model N-doped Nb fitted by Gurevich model Nb/Cu 1.5 GHz elliptical

Not only the linearity, but old study showed dependence 
on mean free path opposite to bulk Nb and N-doped Nb.
àWhere are we, in flux-pinning or flux-flow regime?



Pinning force à De-pinning critical current 𝐽5
The de-pinning critical current 𝐽5 can be obtained by the hysteresis loop of M(H)

𝑱𝒄 at 5K is around 
𝟏𝟎𝟏𝟎	𝐀/𝐦𝟐

i4
inner

conductor

outer	
conductor

Preliminary



Comparison with peak RF current
8 𝐽?@ 𝑧′ 𝑑z′
>

}~$
= 𝐻?@

à 𝐽?@ 0 = 𝐻?@ 𝜆⁄ 	 A m+⁄ z

x
surface

𝐻?@(0)

𝐽?@(𝑧)
boundary	condition

lim
}→>

𝐽(𝑧) = 0

y
Ampereʼs law:

RF peak surface current

Measured de-pinning current

The peak RF current is one or two orders of magnitude higher than the de-pinning current
à The pinning force is “weak"

Preliminary



The description by the collective weak pinning

𝐽5

𝐽?@
• The vortex near the surface becomes free from single 

pinning center during its RF cycle 
à statistical sum of many pinning centers

• Cornellʼs analytical approximation resulted in

𝑅AB ∝
4
3
𝑓𝜆+𝜇$
𝐵5+𝜉

𝐽$
𝐽5
𝐻h�b𝐻?@

𝑅AB
𝐻h�b𝐻?@

~𝟏. 𝟕×𝟏𝟎S𝟑	nΩ mT S& µT S&

• On the other hand, experiment showed
𝑅AB

𝐻h�b𝐻?@.eh4�
~𝟑×𝟏𝟎S𝟑	nΩ mT S& µT S&

à Good agreement! Only a factor of two!

• HIE-ISOLDE cavity: f = 100 MHz

D. B. Liarte SRF2017

Preliminary



Summary & outlook & open questions
• Q-slope may have the same temperature dependence as the thermal 

boundary problem
• However, this was unreasonably valid for bad thermal cycled cases or trapped 

vortex cases
• Q-slope caused by the trapped vortex cannot be explained by the 

conventional models of vortex motion because they are linearized
• The de-pinning current measurement resulted in a good agreement with 

the recently proposed collective weak pinning model
• A similar study for Nb3Sn/Nb cavities will be desired
• Can this model explain m.f.p. dependence?
• Why was the Q-slope explained by the thermal problem?

• Possible discriminant: harmonics production (Thanks to S. Calatroni)
• Thermal problem à slow à averaged over RF period
• Vortex oscillation à fast à harmonics production 
• 𝐻 𝑡 ≡ 𝐻$ cos 𝜔𝑡 + 𝑎+� 𝐻$+ cos 2𝜔𝑡 + 𝑎D¢ 𝐻$D cos 3𝜔𝑡 +⋯
• Dedicated measurement will be interesting

• Non phenomenological approach (quasi-classical theory)?
17



backup
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Vortex lighter?

19

Quench 
at this H

More flux 
over lapping

quenchedA. Gurevich and G. Ciovati, PRB 87 054502 (2013)

• Condensation of trapped vortex à local quench à Similar plot as RB was obtained

1/𝑄$ ∝ 𝑅"(𝑇$, 𝐸455) = 8 𝒇 𝑹𝑩 𝑑𝑅9

>

$

8 𝒇 𝒔 𝑑𝑠𝑅" 𝑇$, 𝐸455, 𝑠
>

$
• The converted function could be a distribution of micro-quenchʼs cause

1/𝑄$ ∝ 𝑅"(𝑇$, 𝐸455) = 8 𝑅" 𝑇$, 𝐸455, 𝑠 𝒇 𝒔 𝑑𝑠
>

$


